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Lanthanide  (Ln3+)  doped  Ti02  down-conversion  photoelectrodes  (Ln3+  =  Eu3+  and  Sm3+  ions)  are  used  to 
enhance  the  photovoltaic  efficiency  of  dye-sensitized  solar  cells  (DSSC).  We  report  on  achieving  fill  fac¬ 
tors  of  0.67  and  0.69  and  efficiencies  of  5.81%  and  5.16%  for  Sm3+  and  Eu3+,  respectively.  This  is  compared 
to  the  4.23%  efficiency  for  the  undoped-titania  photoelectrodes.  This  enhancement  is  probably  due  to 
the  improved  UV  radiation  harvesting  via  a  down-conversion  luminescence  process  by  the  lanthanide 
ions.  The  structure,  optical  and  photoluminescence  properties  of  the  down-converting  photoelectrode 
are  characterized  by  X-ray  diffraction  (XRD),  scanning  electron  microscope  (SEM),  energy  dispersive 
X-ray  (EDX)  and  room  temperature  photoluminescence  excitation  and  emission  spectrofluorimetric 
measurements. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  clean  renewable  energy  utilization  has  been  proposed 
as  one  of  the  main  potential  solutions  for  global  warming  [1]. 
Silicon-based  solar  cell  technology  is  the  most  dominate  technol¬ 
ogy  in  the  current  market  of  solar  energy.  Due  to  its  relatively 
high  cost  and  complicated  fabrication  methodology,  developing  a 
low-cost  and  highly  efficient  alternative  technology  has  received  a 
great  deal  of  attention  in  the  past  decade  [2].  In  1991,  O’Reagan 
and  Gratzel  designed  the  first  dye-sensitized  solar  cell  (DSSC) 
[3].  Because  of  its  low  cost  and  simple  fabrication  methodology, 
improving  DSSC  efficiency  has  become  of  significant  importance 
for  many  research  groups  worldwide.  In  DSSCs,  Ti02  films  with 
mesoscopic  texture  are  widely  used  as  the  photoanode  onto 
which  dye-sensitizers  are  adsorbed.  Under  illumination,  excited 
dye-molecules  inject  electrons  into  the  conduction  band  of  the 
semiconductor.  Injected  electrons  are  then  transported  to  the  con¬ 
ducting  glass  substrate  [4]. 

Generally,  DSSCs  have  maximum  absorption  up  to  800  nm  of  the 
total  incident  solar  irradiation  [5,6].  This  represents  a  major  issue 
for  this  technology,  since  50%  of  solar  irradiation  is  in  the  ultraviolet 
and  infrared  regions,  and  thus  is  not  utilized.  This  limits  the  solar 
energy  conversion  efficiency  for  DSSCs.  Therefore,  attempting  to 
extend  the  spectral  response  range  of  a  DSSC  to  the  UV  region  rep¬ 
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resents  an  extremely  important  approach  to  increasing  the  DSSC 
efficiency. 

Preliminary  encouraging  results  in  our  laboratory  encouraged  us 
to  carry  out  further  investigations  to  explore  the  possibility  of  mod¬ 
ifying  the  spectral  response  of  DSSCs  by  the  use  of  down-conversion 
lanthanide-doped  Ti02  photoelectrodes. 

Lanthanide-derived  compounds  have  been  widely  used  as 
highly  efficient  light  conversion  molecular  devices  (LCMD),  mag¬ 
nets  and  catalysts  based  on  the  electronic,  optical,  and  chemical 
characteristics  arising  from  their  4f  electrons  [6,7].  Among  the 
many  lanthanide  ions,  europium  (Eu3+)  and  samarium  (Sm3+) 
ions  have  been  recognized  as  the  most  efficient  down-converting 
materials  that  convert  the  ultraviolet  light  to  red  and  orange-red 
emissions,  respectively  [7,8].  Intermolecular  energy  transfer  pro¬ 
cess  from  the  host  material,  which  absorbs  the  UV  energy  to  the 
central  lanthanide  cation  results  in  the  observed  visible  light  emis¬ 
sion  [8].  Moreover,  doping  of  titania  electrode  with  lanthanide  ions 
provide  complexation  centers  on  the  Ti02  surface,  thus  enhancing 
its  dye  adsorption  ability  [9]. 

In  the  current  work,  we  have  investigated  the  role  of  new 
down-converter  Eu3+  or  Sm3+  -doped  Ti02  photoelectrode  on  the 
photovoltaic  efficiency  enhancement  of  dye-sensitized  solar  cells. 

2.  Experimental 

2.1.  Materials 

Chemical  agents  including  tetraisopropyl  titanate 
Ti[OCH(CH3)2]4,  samarium  nitrate  Sm(N03)3  and  europium 


H.  Hafez  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  5792-5796 


5793 


nitrate  Eu(N03)3,  iodine  I2,  lithium  iodide  Lil,  4-tert-butylpyridine 
(TBP)  and  tetrapropylammonium  iodide  N(n-C3H7)4I  were  pur¬ 
chased  from  (Sigma  Aldrich,  NY,  USA)  and  used  as  received.  The 
p-octyl  polyethylene  glycol  phenyl  ether  (OP)  emulsification  agent 
(Triton  X-100),  polyethylene  glycol  20,000  and  cyanoacrylate 
adhesive  were  purchased  from  the  above  company  and  used  with¬ 
out  further  treatment.  Other  organic  solvents  such  as  ethanol  and 
acetonitrile  were  of  analytical  grade  and  were  used  without  further 
purification.  Conducting  glass  plates  with  a  fluorine-doped  indium 
tin  oxide  (FTO)  glass  overlayer,  sheet  resistance  (25  £2  cm-2)  was 
purchased  from  Hartford  Glass  Co.  USA.  The  sensitizing  dye  N-719 
[RuL2(NCS)2,  L  =  4, 4-dicarboxylate-2, 2-bipyridine]  was  purchased 
from  Solaronix,  SA. 

2.2.  Preparation  of  ln3+ -doped-Pi02  nanoparticles 

Nanoporous  Sm3+  and  Eu3+-doped  and  undoped  Ti02  films  were 
prepared  by  the  sol-gel  method  described  by  Flores  and  Wang 
[10,11].  In  a  typical  method,  titanium  isopropoxide  (TIIP)  (8  ml) 
was  rapidly  added  to  distilled  water  (100  ml)  and  a  white  precip¬ 
itate  was  formed  immediately.  The  precipitate  was  filtered  using 
a  glass  frit  and  washed  three  times  with  100  ml  of  distilled  water. 
The  filter  cake  was  added  to  nitric  acid  aqueous  solution  (0.1  M, 
160  ml)  under  vigorous  stirring  at  80  °C  until  the  slurry  became  a 
translucent  blue-white  liquid.  Then  5wt%  of  lanthanide  salts  was 
added  to  the  above  solution  under  stirring  for  one  more  hour.  The 
resultant  colloidal  suspension  was  autoclaved  at  200  °C  for  12  h  to 
form  milky  white  slurry.  The  resultant  slurry  was  concentrated  to 
1  /4  of  its  volume,  then  PEG-20000  ( 1 0  wt%  slurry)  and  a  few  drops 
of  emulsification  regent  of  Triton  X  100  were  added  to  form  a  Ti02 
colloid. 

2.3.  DSSC fabrication 

ln3+  doped  Ti02  nanoparticle  photoelectrodes  of  approximately 
9  p>m  thickness  and  0.2  cm2  active  area,  were  coated  using  doctor¬ 
blading  technique  [12-15].  After  air  drying,  the  electrode  was 
sintered  at  450  °C  for  30  min,  then  cooled  down  to  80 °C.  To 
absorb  the  dye,  the  calcined  titania  electrode  was  immersed  in 
ethanol  solution  of  2.5  x  10_4M  dye  solution  for  24  h.  After  the 
substrate  was  adequately  washed  with  anhydrous  alcohol  and 
dried  in  moisture  free  air,  the  dye-sensitized  Ti02  electrode  was 
obtained.  A  DSSC  was  assembled  by  filling  an  electrolyte  solution 
(0.6  M  tetrapropylammonium  iodide,  0.1  M  iodine,  0.1  M  lithium 
iodide,  0.5  M  4-tertbutylpyridine  (TBP)  in  acetonitrile)  between 
the  dye-sensitized  Ti02  electrode  and  a  platinized  conducting 
glass  electrode.  The  two  electrodes  were  clipped  together,  and  a 
cyanoacrylate  adhesive  was  used  as  sealant  to  prevent  the  elec¬ 
trolyte  solution  from  leaking. 

2.4.  Characterization 

The  crystal  structure  of  the  doped  and  un-doped  titania  elec¬ 
trodes  was  identified  by  X-ray  diffraction  (XRD)  on  D/max  7A 
X-ray  diffractometer  (X  Pert  Pro,  Japan)  with  Cu  Ka  radiation 
(I<a  =  0.15418 nm)  at  45 kV  and  40mA.  The  room-temperature 
photoluminescence  (PL)  excitation  and  emission  spectra  of  the 
samples  were  recorded  with  SHIMADZU  RF-5301,  PC  spectroflu- 
orophotometer  using  a  Xe  lamp  as  the  excitation  source.  The 
morphology  of  the  Ti02 :  Eu3+  and  Ti02  :Sm3+  photoactive  electrodes 
were  observed  with  a  Field-Emission  Environmental  scanning  elec¬ 
tron  microscope  FESEM  (Philips  XL30,  109  Japan)  connected  with 
EDX  detector  unit. 

The  photovoltaic  testing  of  DSSCs  was  carried  out  by  measur¬ 
ing  the  J-V  character  curves  using  a  Keithley  2635  device,  under 
simulated  AM  1 .5  solar  illumination  at  1 00  mW  cm-2  from  a  xenon 
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Fig.  1.  XRD  pattern  of  pure  Ti02  and  5%  Ln3+/Ti02  thin  films  calcined  at  450  °C  for 
30  min  in  air. 

arc  lamp  (CHF-XM500,  Trusttech  Co.,  Ltd.,  China)  in  ambient  atmo¬ 
sphere.  The  fill  factor  (FF)  and  overall  light-to-electrical  energy 
conversion  efficiency  (p)  of  DSSC  were  calculated  according  to  the 
following  equations  [16]: 

^max  x7 max 

FF  —  ~Tr - -j -  0) 

vOC  XJ sc 

n(%)  =  x  100  =  Voc  x  Jsc  xFF  x  100  (2) 

Mn  '  in 

where  JSc  is  the  short-circuit  current  density  (mAcnrr2),  Voc  is  the 
open-circuit  voltage  (V),  Pin  is  the  incident  light  power,  and  Jmax 
(mAcnrr2)  and  l/max  (V)  are  the  current  density  and  voltage  at  the 
point  of  maximum  power  output  on  the  J-V  curves,  respectively. 

3.  Results  and  discussion 

3.1.  Structure  and  morphology  characterizations 

Fig.  1  shows  the  XRD  pattern  of  pure  Ti02,  Eu3+-doped  Ti02  and 
Sm3+-doped  Ti02  thin  films.  The  XRD  peaks  at  20  =  25.3°,  38.7°, 
48.1°  and  54.2°  in  the  spectra  of  un-doped  and  doped  thin  films 
are  easily  identified  as  a  relatively  high  crystallinity  anatase  form 
(JCPDS  21-1272).  Additionally,  it  has  been  found  that  all  doped  thin 
films  showed  broader  diffraction  peaks  than  the  undoped  Ti02  due 
to  smaller  grain  sizes  (Fig.  1)  [9,17-19]. 

In  Fig.  2a  SEM  analysis  shows  that  pure  Ti02  exhibits  a  uni¬ 
form  surface  morphology  without  any  cracks.  Similar  images  were 
also  obtained  for  both  Sm3+  and  Eu3+-doped  Ti02.  The  thickness 
of  the  film,  which  is  an  important  parameter  for  the  evaluation 
of  DSSC  efficiency  constructed  with  such  film,  was  measured  to 
be  approximately  9  ±  1  p,m.  To  investigate  the  elemental  compo¬ 
sition  of  doped  and  undoped  Ti02  thin  films,  energy  dispersive 
X-ray  (EDX)  analysis  was  carried  out.  As  shown  in  Fig.  2b  the  EDX 
spectrum  of  the  pure  Ti02  thin  film  shows  strong  I<a  and  I<a  diffrac¬ 
tion  peaks  from  Ti  element  appearing  at  4.51  and  4.92  keV,  and  a 
slender  peak  of  the  element  O  appears  at  0.533  keV  [20].  For  Eu3+ 
doped  Ti02  and  Sm3+doped  Ti02  thin  films,  in  addition  to  the  above 
diffraction  peaks,  new  diffraction  peaks  for  Eu  and  Sm  also  appear 
in  their  EDX  spectra  (Fig.  2c  and  d),  which  proves  the  presence  of 
Eu3+  or  Sm3+  in  Ti02  nanoparticle  thin  films  [6]. 

3.2.  Photoluminescence  characteristics  (PL) 

The  room  temperature  PL  excitation  and  emission  spectra  of 
Eu3+-doped  Ti02  and  Sm3+-doped  Ti02  thin  films  are  measured 
to  illustrate  the  down-conversion  process  and  are  depicted  in 
Fig.  3(a-d).  The  PL  excitation  spectrum  of  Eu3+-doped  Ti02  thin  film 
shows  typical  direct  excitation  peaks  due  to  the  7Fo-5Lj  transition 
of  Eu3+  at  around  396  nm  and  a  peak  from  the  7F0-5D2  transition  of 
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Eu3+  at  around  467  nm.  These  peaks  are  attributed  to  intra  4f  transi¬ 
tions  (Fig.  3a)  [21  ].  Additionally,  in  this  PL  excitation  spectrum,  the 
little  shoulder  peak  at  385  nm  (3.22  eV)  corresponds  to  the  energy 
gap  of  Ti02.  These  results  clearly  indicate  that  the  Eu3+  ions  can  be 
excited  with  UV  light  either  indirectly  through  the  Ti02  host  lattice 
or  directly  through  absorption  by  Eu3+  ions  themselves  [22]. 

Fig.  3b  shows  the  characteristic  visible  PL  emission  bands  of 
Eu3+-doped  Ti02  under  UV  excitation  located  at  575, 591 ,  615,  652, 
and  700  nm.  These  bands  corresponding  to  the  5D0-7F0,  5D0-7F;i, 
5D0-7F2,  5D0-7F3  and  5D0-7F4  transitions,  respectively.  Further¬ 
more,  a  broad  emission  band  observed  at  450  nm  in  the  Eu3+-doped 
Ti02  spectrum  could  be  attributed  to  Ti02  in  the  composites  [23]. 
The  5Do-7Fo  transition  is  strictly  forbidden  by  symmetry.  Since  the 
forbidden  5D0-7F0  transition  is  observed;  the  spectrum  indicates 
that  Eu3+  occupies  sites  with  low  symmetry  and  no  inversion  cen¬ 
ter,  which  is  consistent  with  the  crystal  structures.  The  5D0-7F! 
and  5D0-7F2  transitions,  which  correspond  to  magnetic  and  electric 
dipole  transitions,  respectively,  are  clearly  observed  in  the  photo¬ 
luminescence  spectrum  of  Eu3+/Ti02. 

It  is  well  known  that  the  /(5D0-7F2)//(5D0-7F1 )  asymmetry  ratio 
(R)  is  widely  used  as  a  measure  of  the  coordination  state  and  site 
symmetry  of  the  rare  earth.  The  R  value  is  equal  to  2.37,  which  also 
indicates  the  low  site  symmetry  of  the  Eu3+  ion,  and  the  intense 
5D0-7F2  transition  points  to  a  highly  polarizable  chemical  environ¬ 
ment  around  the  Eu3+  ion  that  is  responsible  for  the  brilliant  red 
emission  of  the  compound  [24].  However,  the  present  value  of  R 
does  not  agree  with  the  relatively  high  symmetry  of  the  Ti4+  ions  in 
the  anatase  structure  (D2d ),  as  this  symmetry  is  not  compatible  with 
a  hypersensitive  behavior  of  the  5D0-7F2  transition.  This  indicates 
that  the  Eu3+  ion  does  not  substitute  for  Ti4+  without  a  significant 
site  distortion  [25].  The  presence  of  such  disorder  is  ascribed  to  the 
significant  difference  in  the  ionic  radii  in  six-fold  coordination  for 
Ti4+  (0.64  A)  and  Eu3+  (1.036  A)  [25]. 

The  PL  excitation  spectrum  of  Sm3+-doped  Ti02  thin  film 
exhibits  an  intense  broad  band  in  the  ultraviolet  region  centered  at 
363  nm,  which  is  assigned  to  the  band  gab  of  anatase  host  absorp¬ 
tion,  confirming  the  effective  energy  transfer  from  Ti02  host  to 
Sm3+  ions.  Weak  bands  at  412  and  470  nm  are  due  to  the  direct 
excitation  of  Sm3+  (Fig.  3c)  [26].  The  emission  spectrum  shows  the 
characteristic  orange-red  luminescence  of  the  trivalent  samarium 
ion  upon  UV  excitation.  The  bands  at  583,  613  and  664  nm  are 
assigned  to  the  electronic  transition  of4G5/2-6H5/2, 4G5/2-6H7/2  and 
4G5/2-6H9/2  of  Sm3+,  respectively  (Fig.  3d)  [27].  Moreover,  the  PL 
spectrum  of  Sm3+-doped  Ti02  contains  a  weak  broad  emission  band 
around  400-500  nm  originating  from  defect  of  host,  the  intensity 
of  the  emission  from  Sm3+  is  clearly  stronger  than  that  from  the 
host  emission.  This  also  confirms  that  the  efficient  non-radiative 
energy  transfer  from  surrounding  Ti-0  octahedron  to  Sm3+  ions 
is  indeed  effective  in  the  Sm3+-doped  Ti02  [28].  This  fine  struc¬ 
ture  can  be  explained  by  taking  into  account  that  the  6Hj  levels 
are  split  into  2J+1  sublevels  in  the  crystal  field.  Although  the  radii 
of  Ln3+  ions  seem  to  be  too  large  to  allow  them  to  replace  Ti4+  in 
an  anatase  crystal  (1.04  A  versus  0.64  A),  the  well  resolved  6Hj  lev¬ 
els  clearly  demonstrate  that  Sm3+  ions  are  fitted  into  the  regular 
environment,  contrary  to  the  case  in  amorphous  matrices.  It  is  rea¬ 
sonable  to  conclude  that  the  Sm3+  ion  distorts  the  TiOe  octahedron 
substituting  the  Ti4+  ion  in  shifted  position  [29].  Based  on  the  model 
given  by  Frindell  and  Bartl  [30],  a  modified  model  for  the  energy 
transfer  in  this  doping  system  is  proposed  in  Fig.  4.  In  Fig.  4,  (1) 
the  generation  process  of  excitons  upon  UV  excitation,  (2)  the  non- 
radiative  energy  transfer  process  from  an  exciton  to  defect  states, 
(3)  the  non-radiative  energy  transfer  process  from  defect  states  to 
Ln3+,  and  (4)  the  emission  process  of  Ln3+  [27-29].  So  the  PL  mea¬ 
surements  confirm  that  the  lanthanide  doped  titania  thin  film  can 
be  used  as  effective  down-conversion  materials  for  harvesting  UV 
light  from  solar  radiation  into  visible  range. 


Fig.  4.  Schematic  of  photoluminescence  processes  in  Ln3+/Ti02  thin  film. 


3.3.  Photovoltaic  characteristics  and  performance 

The  photocurrent-voltage  properties  of  DSSCs  with  different 
doped  and  undoped  titania  electrodes  were  measured  and  shown 
in  Fig.  5.  The  open-circuit  voltage  ( Voc),  short  circuit  current  density 
C/sc),  fill  factor  (FF)  and  overall  light-to-electrical  energy  conversion 
efficiency  (rj)  of  these  DSSCs  are  summarized  in  Table  1 .  The  DSSCs 
with  Sm3+  and  Eu3+-doped  Ti02  thin  film  electrodes  shows  a  con¬ 
version  efficiency  of  5.81%,  and  5.16%,  respectively,  which  is  higher 
than  that  of  the  pure  Ti02  film  electrode  (rj  =  4.23%).  The  enhance¬ 
ment  in  the  overall  efficiency  that  has  been  achieved  by  doping  of 
the  titania  electrode  by  the  rare  earth;  Sm  (34%)  and  Eu  ions  (22%), 
is  mainly  due  to  the  down-conversion  luminescence  characteristics 
of  Sm3+  and  Eu3+  ions,  which  has  been  confirmed  from  the  above  PL 
measurements  of  the  lanthanide  doped  titania  film.  However,  the 
doping  with  the  Sm  ions  leads  to  higher  improvement  in  the  over¬ 
all  efficiency  of  the  DSSC  than  Eu  ions.  This  can  be  attributed  to  the 
smaller  lifetime  values  of  Sm  than  that  of  Eu  published  elsewhere 
[31-34],  which  reflecting  enhanced  light  energy  transfer  in  case  of 
Sm3+  to  its  surroundings. 


Fig.  5.  J-V  curves  for  DSSCs  with  different  electrodes. 
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Table  1 

The  parameters  of  the  dye-sensitized  solar  cells  with  different  electrodes. 


Electrode 

Voc  (V) 

Jsc  (mAcirr2) 

VW  (V) 

/max  (mA  cm-2) 

FF 

rj% 

Undoped  Ti02 

0.80 

8.32 

0.57 

7.43 

0.64 

4.23 

Eu3+-doped  Ti02 

0.77 

9.61 

0.57 

9.05 

0.69 

5.16 

Sm3+-doped  Ti02 

0.81 

10.9 

0.57 

10.4 

0.67 

5.81 

4.  Conclusions 


Thin  film  down-conversion  Sm3+-doped  Ti02  and  Eu3+-doped 
Ti02  electrodes  were  prepared,  characterized  and  used  to  fabri¬ 
cate  a  more  efficient  dye-sensitized  solar  cells  compared  with  DSSC 
based  on  pure  Ti02  photoactive  electrode. 
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